Flexible anionic metal-organic frameworks transform to neutral heterobimetallic systems via singlecrystal-to-single-crystal processes invoked by cation insertion. These transformations are directed by cooperative bond breakage and formation, resulting in expansion or contraction of the 3D framework by up to 33% due to the flexible nature of the organic linker. These MOFs displays highly selective uptake of divalent transition metal cations (Co 2+ and Ni 2+ for example) over alkali metal cations (Li + and Na + ).
Introduction
Metal-organic frameworks (MOFs) have been widely investigated because of their potential application in areas such as gas storage/separation, [1, 2] ion exchange, [3] magnetism, [4] catalysis [5] and non-linear optics. [6] Flexible MOFs have received particular recent attention as they can exhibit structural transformations upon single-crystal-to-single-crystal (SC-SC) processes triggered by external stimuli, [7, 8] a feature that can be accompanied by fascinating changes in host-guest behavior, [9, 10] magnetism [11] and photochemical reactivity [12] for example. Such transformations are generally accompanied (or generated) by the removal / addition of guest molecules, [13] or exchange of coordinated metal ions or counterions, [14, 15] processes in which framework integrity is often retained.
A seminal example of flexible MOF formation is MIL-53 as reported by Feréy and co-workers. [16] Cell volume in said system varies by approximately 40% between large-pore and narrow-pore forms with respective expansion / contraction of the frameworks during adsorption / desorption of suitable guest molecules. In general SC-SC processes involving the robust rearrangement of framework structures are comparatively rare because single crystals usually fail to maintain their crystallinity upon transformation. Herein we report soft anionic MOFs, constructed from the flexible organic linker tetrakis [4-(carboxyphenyl) oxamethyl]methane acid (H 4 L, Figure 1A ), that act as transition metal (TM) cation receptors via ligand-directing SC-SC structural rearrangement ( Figure 1B&1C ).
These transformations involve incorporation of TM 2+ cations into the anionic networks to afford neutral and heterobimetallic systems. To the best of our knowledge this represents the first documented report of soft anionic MOFs capturing metal ions in the solid state, the transformations of which involve cooperative bond breaking and formation rather than the more frequently encountered counterion-exchange mechanism.
[3, 14, 15b] A) B) C) Figure S2 ). Thus, the anionic framework of 1b can be regarded as an 'expanded' form of 1a. A colorless single crystal of 1a was fixed to the top of a glass fiber and immersed in a 0.2M DMF solution of cobalt(II) nitrate. The crystal did not dissolve and turned to light-purple color within a few hours, indicating penetration of Co 2+ into the framework. After 24 hours, a deep-purple crystal 2 was obtained and analyzed crystallographically. Surprisingly, the crystal structure of 2 is significantly different from that of 1a despite the fact that both have the same space group and similar unit cell parameters. The asymmetric unit of 2 comprises one L 4-linker, one aqua ligand and three crystallographically independent Mn 2+ /Co 2+ ions; two of these reside on inversion centers with 50% site occupancy while the third occupies a general position. In comparison to 1a, the SBU in 2 becomes neutral by uptake of one TM 2+ with 50% site occupancy per asymmetric unit. Based on elemental analysis, TGA and energy dispersive X-ray spectroscopy (EDX) studies, the formula of 2 was found to be MnCo 3 L 2 (H 2 O) 2 •12DMF. This implies that, in addition to insertion of additional Co 2+ into the framework, partial exchange of Mn 2+ for Co 2+ also occurs. Such an insertion / exchange process, proceeding via a SC-SC transformation, must therefore involve the cooperative breakage / formation of metal-carboxylate bonds. This is evidenced by the fact that in moving from 1a to 2 two of four carboxylate groups in the L 4-ligand have changed their coordination modes: one carboxylate group changes to a bridging rather than chelating mode, while the other changes from chelating bridging mode to a μ 3 -η 2 :η 1 bridging mode ( Figure S3 in the Supporting Information). To better understand the mechanism of the SC-SC transformation we carefully compared structural features of both MOFs. Figure 2 shows extended structures of 1a and 2 along the b axis. In 1a, the Mn 3 SBUs align along the c axis and mutually interconnect by L 4-linkers with a short distance (7. that are evident in 2. The variation in coordination mode of the carboxylate groups is directed by the rotation around C core within the L 4-linker, resulting in a slight change in ligand conformation and an expansion of the entire framework by 6.5% upon going from 1a to 2. Single crystals of 1b also transform to 2 via a similar SC-SC process once being treated in an identical fashion, and in this case the framework contracts by 7.5 %, demonstrating that the L 4-linker can adjust its conformation to allow for either expansion or contraction frameworks of 1. between 2D layers of 1a, layers in 3 are pushed apart by ~5 Å, a feature directed by conformational change to the L 4-linker. As a result, the a axis of 3 is significantly longer than that of 1a, with an overall expansion of 33% upon SC-SC transformation. It is worthy to mention that attempts to Photometric experiments were conducted in order to establish cation uptake capabilities and kinetics of bulk 1a over a 48h period (Figure 4 (Table S2 ). This result could be explained by the fact that, although an exchange process of Li + / Na + with the NH 2 (CH 3 ) 2 + counterion is possible during the reaction, [19] the soft framework of 1a shows preference for Co 2+ / Ni 2+ via SC-SC processes due to significantly stronger interaction of carboxylate groups with the TM 2+ cations. The ability to interchange and control metal composition in such systems has clear potential to vary the magnetic properties of a resulting solid. [4] Magnetic susceptibility measurements were carried out on powdered microcrystalline samples of complexes 1-3 in an applied field of 0.1 T and the data plotted as the χ M T product versus temperature in Figure 5 . tend to be less affected by ion exchange, the framework flexibility observed for the soft anionic MOFs reported here holds great potential for the design of selective sensors, selective ion-exchange media and materials for the removal of toxic heavy metal ions, all of which will be the focus of future studies. [20] Experimental Section
Syntheses of structures
For all structures, TGA and elemental analysis revealed the amount of solvent in the crystals and were taken into account to decide the formula unit and calculate the yield. per formula unit balancing the framework charge were found by X-ray diffraction analysis but the other one is suggested by TGA and elemental analysis. Transformation of 1a (or 1b) to 2 and 3:
The fresh colorless crystals of 1a (or 1b) were briefly dried on the filter paper and then were immersed in DMF solution of Co(NO 3 ) 2 or Ni(NO 3 ) 2 (0.2 M), respectively. During three days, the color of the immersed crystals gradually changed to purple and light-green, respectively. Then the crystals were filtered and washed with sufficient DMF to get crystals of 2 and 3. The final cation-captured crystals were kept in fresh DMF for convenient observation and removing surface adsorption.
Single-crystal X-ray crystallography was carried out on a Bruker Kappa APEX II CCD diffraction system. Supplementary crystallographic data for this paper can be obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
